ABSTRACT RF MEMS direct-contact switches exhibit many advantages over the conventional semiconductor switches; however, existing drawbacks such as low power handling, high pull-in voltage and long switch opening time are most critical. This paper presents an optimization design for RF-MEMS cantilever direct-contact switch to achieve maximum power handling capability, minimum pull-in voltage and switch opening time simultaneously. A 2-step optimization technique is proposed to achieve the optimal design to allow for a power handling capability of 130 mW, a pull-in voltage of 52 V, and a switch opening time 4.4 ps presented. The optimization results show that substantial room exists for improving the current designs of RF MEMS direct-contact switches
Introduction
Surface micromachining techniques have generated a new class of RF switches that exhibit ultra-low loss and high linearity [1] . As an example, MEMS direct-contact switches ( Fig. 1 ) can achieve less than 0.1 dB loss from DC up to 40 GHz and this is attractive for radar and communications antennas [2] as well as tunable filters [3] .
However, RF MEMS contact switches suffer from high actuation voltage, low power handling capability, and long switch opening time [8] . Chan [4] and Goldsmith [5] mention that high actuation voltage may lead to shorter lifetime for MEMS switches.
Schauwecker, et al [6] and Rebeiz [7] mention that the maximum input power for RF-MEMS contact switches should be lower than 100 mW, but the requirements for most wireless applications are much more demanding. Therefore, it is of significant engineering interest to improve the actuation voltage, power handling capability and switch opening speed. This paper addresses the optimization of cantilever RF-MEMS direct-contact switches for improved power handling, actuation voltage, and switching speed. We carry out the optimization design based on multi-physics (electromagnetic, electrostatic thermal, and structural) modeling and optimization techniques [9] . Specifically, an embedded contact physics model was developed to calculate the contact temperature for RF MEMS switches at the down-state based on the maximum RF power without causing contact softening [10] . Separately, an integrated electrostatic/structural model with an embedded adhesion model [11] is proposed to calculate the pull-in voltage and switch restoring force to determine the switch opening time. By coupling these physical 0-7803-8883-6/05/$20.00 ©2005 IEEE models with optimization algorithm we are able to determine the in-plane switch geometry, dimple size and electrical resistance of the contact surfaces subject to 1) maximum input power, 2) minimum actuation voltage, and 3) maximum switch opening speed. The sections below describe an electromagnetic/thermal contact physics model (Section 11); our 2-step optimization design scheme and an example of optimization (Part III).
Electromagnetic/Thermal Contact Physics Model
Electromagnetic contact-physics model
The electromagnetic (EM) modeling of RF MEMS switches is a challenging task due to their extremely small size. An extended finite-element boundary-integral (EFE-BI) for EM modeling of the up-state of RF MEMS switches [9] was specifically developed for their analysis. For the down state, the contact physics modeling is more readily realizable. This is facilitated by modeling the contact asperities using an equivalent resistive sheet as shown in Fig. 2 . The impedance/resistivity for the contact-area elements are represented by a parallelconnected equivalent contact resistance and capacitance C distributed to each finite element within the finite element domain. In conjunction with the EFIE-BI [9] , we found that the realized RF model is quite accurate in predicting joule heating. Thermal contact-physics model Current flow in the switch causes joule heating in accordance with the heat transfer equation 9]. Since the electrical signal period (I/f) is sufficiently smaller than the thermal response time, the electrical dissipation appears nearly constant for heat transfer. Thus, the rms value of the current density calculated with the EM model is used (assuming a constant temperature at each re-calculation). The additional heat generated at the contact due to the electrical contact resistance R& is simply added to the contacting elements.
11. Optimal designs of cantilever RF MEMS switches Upon embedding, the above contact-physics models into the EFE-BI [9, 11] , the optimization of the cantilever RF-MEMS switches was carried out to improve power handling, actuation voltage, and switching speed. To start with, a sensitivity study of the beam's dimensions, dimple size and contact resistance's effect on the power handling capability are illustrated in Fig.3 (refering to a typical beam with 200xtOOx7 pm, dimple size 10 pm2, contact resistance 1.5 Q and contact roughness 20 nm). From the pie chart, we note that the contact resistance and dimple size are dominant on the power handling capability, whereas the beam dimensions and effect on power handling capability may be negligible. Taking the fact that the dimple size has little or no effect on the pull-in voltage and restoring force, the original (more complex) optimization problem may be separated into a 2-step, relatively simple, process: Optimization I Dimple size and contact resistance optimization The dimple size, contact resistance, and restoring force determine the power handling capability and opening time. The objectives of this optimization are to minimize the switch opening time and concurrently maximize its power handling by varying the dimple size (1-16 pm2), dimple (larger than the skin depth), contact resistance (1-3 D), and restoring force (25-60 pLN), while maintaining a temperature range of 60°-80°C (constraint). Fig.4 (a) shows the optimized Pareto-curve for the power handling capability vs. opening time. To achieve the maximum power handling capability and short opening time, the optimized restoring force was found to be 40 ,N (by optimization 11). Also, the optimized dimple size was found to be 4.65 pm2 with a width of 1.70 pm. Further the optimized contact resistance was 1.5 Q.
Optimization 11 Beam shape and dimension optimization As well-known, an optimized beam shape may achieve the minimum pull-in voltage while maintaining the required switch restoring force. A cantilever beam of length 200 pm and thickness 7 pm with an actuation pad 140 pm wide are used for this optimization for the SQP technique. To obtain the global optimization result, an 'error-and-try' process was utilized with different initial values to reach the 'global' optimum result. Here, the beam length (200 pm), thickness (7 PM), and its gap (1.7 pm) are fixed.
The problem is defined by minimizing the pull-in voltage with the beam width as a variable and the restoring force set to be 40 ,uN (Optimization 1). Fig.4 (b) provides the optimized beam shape for a pull-in voltage of 57.64 V.
Combining the above two optimization processes, the overall objectives are listed in table I. It is clear that the optimized beam and dimple can achieve better switch performance as compared to typical values reported so far. Our study found that RF MEMS switch design benefit directly from optimization.
Here simple 2-step optimization scheme was used and found sufficient to design.: 1)
The beam shape and dimensions leading to low pull-in voltage and large restoring force; 2) the optimum dimple dimensions, contact resistance and restoring force to achieve high power handling and short opening time. These two optimization steps were then coupled by the restoring force. Our optimization design example demonstrates that substantial room exists to achieve better switch performance.
